Abstract: Eutrophication in lakes and reservoirs is a serious environmental problem that has damaged ecosystem health worldwide. Water diversion is one of the most popular methods for improving the water quality in shallow lakes, as it dilutes pollutants in and diverts them out of the lake. However, simple diversion without rational water distribution cannot significantly enhance water exchange in the entire lake because dead water zones always exist. This paper illustrates a case study on water quality improvement in Xihu Lake by diversion and water distribution. Based on theoretical calculation, the diversion water discharge was determined and rationally distributed into four different locations. According to the field observations after the implementation of the diversion and water distribution project, the average velocity over the dead water zones increased approximately 50 times over that of prior to the project. The average water exchange period reduced from 68 days to 22.5 days. The average turbidity was 8.8% and 12.4% lower than before after two and four months of diversion, respectively. The maximum turbidity reduced from the original 27.5 NTU (Nephelometric Turbidity Unit) to 20.1 NTU after two months of diversion, then to 16.1 NTU after four months of diversion. It shows that this diversion and rational water distribution eliminates most of the dead water zones and achieves a favorable flow field, thus reducing the turbidity and increasing water transparency, which is conducive to the improvement of water quality.
Introduction
Eutrophication in lakes and reservoirs is a serious environmental problem that damages ecosystems worldwide [1] [2] [3] . In shallow unstratified lakes, it is more difficult to decrease algal biomass and increase transparency than in deep stratified lakes [4, 5] . Consequently, the control and prevention of shallow lake eutrophication have attracted the attention of scientists, the public, local authorities, and governments. In general, methods to improve water quality in shallow lakes mainly are divided into three categories: biological [6] [7] [8] [9] [10] , chemical [11] [12] [13] , and physical [14] [15] [16] [17] [18] [19] . Among these methods, water diversion has been proposed as an important physical method for lake restoration [20, 21] . Water diversion diverts clean and low-nutrient water to a eutrophic lake in order to improve the water quality [22] . The theory behind this mechanism is that adding large amounts of low-nutrient water not only can dilute the pollution in a lake, but also accelerate water exchange and eliminate dead water zones in the water body. The advantages of water diversion are that it is low cost, easy to conduct, and can show a quick response in nutrient reduction when a suitable quantity of dilution water is available [23] .
In many countries, water diversions have been successfully implemented to improve water quality in lakes. Examples include Moses Lake in Washington, DC, USA, into which a large volume of low-nutrient water from the Columbia River was introduced during the spring and summer of 1977 [24, 25] ; another water project in the United States that involved diverting the Mississippi River
Materials and Methods

Study Area
Xihu Lake is located in the city of Hangzhou in Zhejiang Province and has an area of 6.5 km 2 and a perimeter of about 15 km. The lake consists of the main lake, Beili Lake, Xili Lake, Xiaonan Lake, and Yue Lake, as shown in Figure 1 .
The bed of Xihu Lake is relatively flat, with sediment that mainly contains high organic limnic deposition, and silty clay loam. The area of the Xihu Lake basin is about 21.22 km 2 , and the annual runoff is 14 million m 3 . The water capacity of the entire lake is about 16.25 million m 3 when the water level is maintained at the Yellow Sea elevation of 7.18 + 0.05 m, and the water storage capacity is nearly 10 million m 3 . The natural exchange frequency of water is 2 times/year [40] .
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The bed of Xihu Lake is relatively flat, with sediment that mainly contains high organic limnic deposition, and silty clay loam. The area of the Xihu Lake basin is about 21.22 km 2 , and the annual runoff is 14 million m 3 . The water capacity of the entire lake is about 16.25 million m 3 when the water level is maintained at the Yellow Sea elevation of 7.18 + 0.05 m, and the water storage capacity is nearly 10 million m 3 . The natural exchange frequency of water is 2 times/year [40] . In September 1986, the Hangzhou municipal government completed sewage interception and diversion works for Xihu Lake. Since then, diversion from the Qiantang River has a water discharge of 3 × 10 5 m 3 /day to Xihu Lake. Later, two pretreatment sedimentation tanks employing the flocculation precipitation method were built to purify the diverted water, and their daily processing capacities were 3 × 10 5 m 3 /day and 1 × 10 5 m 3 /day. With these pretreatment sedimentation tanks, the raw water was purified, so that the water quality into the lake was greatly improved [20] . The diversion of 4 × 10 5 m 3 water per day from the Qiantang River altered the original water exchange rate of Xihu Lake from once a year to once a month. As shown in Figure 1 , five inlets and nine outlets are located in the shoreline; their discharges are listed in Table 1 . However, places such as the southeast corner of the lake, Beili Lake, and the southwest region of Yue Lake, where the concentration of total phosphorus (TP) has not been reduced, are the dead corners of the diversion works.
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Beili Lake is located in the northern part of Xihu Lake. It has a total water surface area of 0.27 km 2 and an average water depth of 2.2 m. Under normal circumstances, the lake has a total storage capacity of about 49 million m 3 . Beili Lake connects to Xihu Lake through three tunnels and bridges. A small outlet pipeline discharges the lake water into the sewage system. The flow in Beili Lake is very slow, water exchange cycle is long, and the water quality is rather poor (Bad V class according to Chinese water quality standards [41] as shown in Table 2 ). 
Requirements for Diversion and Water Distribution
To improve the water quality of eutrophic lakes, the concentrations of phosphorus and nitrogen need to be reduced and controlled. Biologically, nitrate can be absorbed by aquatic plants, which are artificially planted in shallow rivers, canals, and lakes, as shown in Figure 2 . In addition, the pollutants can also be degraded by microorganisms. It should be noted that nitrate is very soluble, which is generally detrimental to plants [42] . Hydraulically, these constituents can be washed away from their places of production and be diluted by a large amount of water. The advection-diffusion equation for a pollutant can be expressed by
where S is the concentration of the pollutant, i.e., inorganic forms of either phosphorus or nitrogen; U, V, and W are the flow velocities in the x, y, and z directions, respectively; ν is the diffusion coefficient of the pollutant; k is the biodegradation rate of the pollutants, which represents the capability of bacteria, fungi, or other biological means to disintegrate pollutants; q is the source, which may be linked with atmospheric deposition and release from bottom sediments; and x, y, and z are the relative coordinates of the pollutant source in the Cartesian coordinates. 
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where S is the concentration of the pollutant, i.e., inorganic forms of either phosphorus or nitrogen; U, V, and W are the flow velocities in the x, y, and z directions, respectively; ν is the diffusion coefficient of the pollutant; k is the biodegradation rate of the pollutants, which represents the capability of bacteria, fungi, or other biological means to disintegrate pollutants; q is the source, which may be linked with atmospheric deposition and release from bottom sediments; and x, y, and z are the relative coordinates of the pollutant source in the Cartesian coordinates. However, many dead water zones generally exist where flow velocity is null in shallow lakes, such as Xihu Lake. Within the dead water zones, flow velocities U, V, and W, respectively, in the x, y, and z directions are zero. In other words, the advection term inside the dead water zones is zero. Then, Equation (1) becomes:
Comparing Equations (1) and (2), the following can be seen. (1) In a running flow field, the flow provides advection hydrodynamics, which takes pollutants away from their production places, akin to the Chinese idiom that running water never gets stale. The higher the flow velocities are, the faster the pollutants are taken away; (2) In the dead water zone, without the advection provided by the flow, the concentration of pollutant mainly changes via diffusion and the absorption by the aquatic plants. Because of the small magnitude of the diffusion coefficient, the amount of pollutant passing through the boundary of the dead water zone would be very small. In other words the exchange of pollutant between the outer and inner layers of the dead water zone can be regarded as null; (3) In the dead water zone, the concentration of the pollutant would gradually increase with time, i.e., the water quality would become increasingly worse over time unless a sufficient quantity of aquatic plants is implanted therein. Hence, to reduce the concentration of pollutants and improve the water quality in lakes, the dead water zone should be eliminated.
Hydrological Calculations of Diversion Discharge
The flow velocity in Beili Lake is very low, such that the lake is almost a stagnant water body. Under such flow conditions, the turbidity in Beili Lake cannot decrease if there is no diversion. The suspension and transport of bottom mud in Beili Lake are mainly due to wind and current. When the maximum orbital velocity (U bmax ) of water particles from wave motion is higher than the threshold velocity (U c ) of the bottom sediments, the bottom sediments will be suspended. However, the orbital velocity (U b ) can only suspend sediments vertically. The velocities of Stokes drift (U t ) and wind driven current (U w ) cause sediment transport. Thus, the required amount of diverted water can be calculated as follows.
When no sediment is coming in, the movement of bottom sediment in the lake is in equilibrium, meaning that the amounts of suspended and settled sediments in a unit time are equal. Thus, the sediment transport rate per unit width (q s ) is
where
, γ s is the specific weight of sediments, γ is the specific weight of water, V m is the resultant velocity of the velocities of Stokes drift and wind driven current, and ω is the sediment settling velocity.
The orbital velocity of particles due to wave motion averaged over half a period can be calculated using [44] 
and
where H is the wave height, T is the wave period, L is the wave length, and h is the water depth. The Stokes drift velocity (the wave velocity of mass transfer) averaged over a wave period is
where c is the wave speed. According to technological specification of harbor engineering [45] , the velocity of wind driven current is
where V w is the wind speed. Thus, the resultant velocity V m is
When the median grain size (d 50 ) of sediments is less than 0.03 mm, the fine sediments are flocculated, with the settling velocity of flocculating sediments [46] calculated using
According to the method proposed by Teng et al. [47] , the wave elements of wind waves can be calculated as gH
where F is the fetch length. The area of Beili Lake is 0.27 km 2 ; the average water depth is 2.2 m; and, generally, the total water storage is 4.9 × 10 4 m 3 . Based on the results of sampling and grain analysis, the median grain size of the bottom mud in Beili Lake is 0.003 mm. The annual average wind velocity is 1.3-2.4 m/s, and the constant wind velocity is chosen as 2.25 m/s, which is the maximum value of the monthly averaged velocity. Therefore, based on Equations (3)- (11) , it can be calculated that about 186.36 kg sediments could be suspended from the bottom of Beili Lake every day. The amount of diverted water and drained water should be the same. Meanwhile, the drained water should meet the water quality requirement for turbidity (5 NTU) and remove the suspended sediments. Thus, the amount of clean water diverted to Beili Lake in one day needs to be at least
where Q is the volume of water; m is the mass of water; T is the turbidity of the water; and s is the sediment concentration, s = 2.064 × 10 −3 × (T − 0.223) [48] .
Data Collection and Measurement
The historical data (2006) (2007) (2008) (2009) (2010) , including the water level, flow condition, and concentrations of total nitrogen (TN), total phosphorus (TP) and chlorophyll a, were provided by the Hangzhou Municipal Xihu Lake Administration Office. Two field observations of flow field, water depth, turbidity, and the concentrations of TP and chlorophyll a in Beili Lake were conducted after the implementation of the project. As shown in Figure 3 , the measurements were carried out at 47 different locations in Beili Lake. At each location, the flow velocity and chlorophyll a concentration at two different depths (0.1 m and 1 m below the water surface) were measured. An ADV (Acoustic Doppler Velocimetry) Flow Tracker and a five-meter measuring rod were used for flow velocity and water depth measurements, along with a PCH-800 Chlorophyll Analyzer for chlorophyll a measurements. The principle of PCH-800 Chlorophyll Analyzer is using the characteristics that chlorophyll a has absorption peaks and emission peaks in the spectrum. The monochromatic light of specific wavelength is emitted into the water. Then, chlorophyll a in the water absorbs the energy of this light, and releases another monochromatic light of emission peak of another wavelength. The intensity of the light emitted by chlorophyll a is proportional to the content of chlorophyll a in water. The water 0.1 m and 1 m below the water surface was collected via syringe and preserved in numbered glass sample bottles. The turbidity and TP were measured in the laboratory using a WGZ-200 Ratio Turbidimeter and a LH-TP2M Portable TP Analyzer, respectively. The core method of the LH-TP2M Portable TP Analyzer is the spectrophotometric molybdenum blue method. It involves the formation of molybdophosphoric acid from orthophosphate and an excess of molybdate in acidic solution followed by reduction to give molybdenum blue. Using the photoelectron colorimetric detection method, the absorbance of thus produced molybdenum blue is measured spectrophotometrically at a certain wave length that gives maximum absorbance. The intensity of the blue color is proportional to the amount of phosphate in water. To check the actual amount and water quality of the diverted water, the discharge and turbidity at the water inlet were also measured. In the front edge of the water inlet, the area of cross section was measured and three measuring verticals were determined for velocity measurement. Six levels on each vertical line were used for velocity and turbidity measurements.
Meteorological observation data for Xihu Lake was provided from the China Meteorological Data Sharing Service System (http://cdc.cma.gov.cn/home.do) and included daily atmospheric pressure, temperature, cloud cover, wind speed, and wind direction. detection method, the absorbance of thus produced molybdenum blue is measured spectrophotometrically at a certain wave length that gives maximum absorbance. The intensity of the blue color is proportional to the amount of phosphate in water. To check the actual amount and water quality of the diverted water, the discharge and turbidity at the water inlet were also measured. In the front edge of the water inlet, the area of cross section was measured and three measuring verticals were determined for velocity measurement. Six levels on each vertical line were used for velocity and turbidity measurements. Meteorological observation data for Xihu Lake was provided from the China Meteorological Data Sharing Service System (http://cdc.cma.gov.cn/home.do) and included daily atmospheric pressure, temperature, cloud cover, wind speed, and wind direction. 
Results and Discussion
Demonstrative Project in Beili Lake
Considering the differences in water temperature and wind-current conditions among different seasons and the limitations of theoretical calculation, the required amount of diverted clean water was determined to be 2 × 10 4 m 3 /day. The diversion water was taken from Xili Lake, as its water quality is almost as good as the purified water from the Qiantang River and its water quantity is abundant. The average water exchange period should be at least 24.5 days, as the total storage of Beili Lake is 4.9 × 10 5 m 3 . Then, through optimization of selective schemes, such as two different water sources, eight different pumping station layouts, seven different pipeline network layouts, and four different water distribution layouts, the final diversion and distribution scheme was determined and confirmed by the related departments of the Hangzhou municipal government. The water diversion and distribution project for improving the water quality of Beili Lake started on 8 February 2012. Owing to constrains on construction, most of the construction had to be carried out at night, and finally was completed after three months. A centrifugal pump was installed to pump water from Xili Lake to Beili Lake through pipelines that were buried in the lakebed. The locations of the water inlets and outlets and the Beili Lake water distribution network layout are shown in Figure 4 . 
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Field Observations after the Implementation of the Project
To assess the effect of the water diversion and distribution project on the water quality of Beili Lake after the project implementation, two field observations were carried out, one on 22-23 July 2012, and one on 10-11 September 2012. The results are listed in Table 3 . At the water inlet, the total diversion discharge was nine percent more than the design value. This might be because the actual pipeline length was six percent shorter than the designed one. Because of the heavy rainfall before the second observation, the turbidity at the water inlet for the second observation was higher than that for the first observation. The weather conditions before and during the field observations not only affected the observation activities, but also influenced the turbidity values in the lake. Strong winds and heavy storms prior to the observations increased the turbidity in the lake for a short period. Thus, the two field observations were all carried out when the wind was low or slight. As shown in Table 4 , the gentle breeze lasted for three consecutive sunny days before the first observation. However, rainfall occurred and the wind was relatively strong before the second observation. 
Flow Field Improvement and Velocity Increment
Before implementation of the project, Beili Lake was almost a pond of stagnant water as shown in Figure 6 . Its cross-sectional width is about 350 m with average water depth and average velocity of 2.25 m and 0.0001 m/s, respectively. About 28% of the lake area was regarded as stagnant. It was estimated that it took 68 days for a water exchange cycle to occur. After implementation of the project, as shown in Figure 7 , the measured average flow velocity increased to 0.005 m/s, which was approximately 50 times higher than before implementation. The results of the two field observations showed that the flow velocity over the entire lake significantly increased and most of the dead zones had been removed. The water exchange cycle after the diversion and distribution project was 22.5 days, which was two days shorter than the designed water exchange cycle. Thus, the flow field was favorably constructed to facilitate water quality improvement. 
Transparency Improvement
Before the implementation of the project, the average turbidity of the one-meter surface water was 14.6 NTU and the maximum turbidity was 27.5 NTU at the water surface. Two months after the implementation of the water diversion and distribution project, the measured average turbidity in the top one-meter layer was 13.3 NTU, which was 8.8% lower than that before implementation of the project. Four months after the implementation of the project, the measured average turbidity of the top one-meter water layer of Beili Lake was 12.8 NTU, which was 12.4% lower than that before the project implementation. The maximum turbidity at water surface was reduced from the original value of 27.5 NTU to 20.1 NTU (27%) after two months of diversion, and further reduced to 16.1 NTU (41%) after four months of diversion. It should be noted that rainfall occurred before the second observation so that the turbidity of water might be temporally increased by the strong wind. Therefore, the actual turbidity was likely reduced by more than 12.4% because of the diversion. The water turbidity has been gradually decreased, and the transparency has been continuously and obviously improved, because of the implementation of the project. 
Before the implementation of the project, the average turbidity of the one-meter surface water was 14.6 NTU and the maximum turbidity was 27.5 NTU at the water surface. Two months after the implementation of the water diversion and distribution project, the measured average turbidity in the top one-meter layer was 13.3 NTU, which was 8.8% lower than that before implementation of the project. Four months after the implementation of the project, the measured average turbidity of the top one-meter water layer of Beili Lake was 12.8 NTU, which was 12.4% lower than that before the project implementation. The maximum turbidity at water surface was reduced from the original value of 27.5 NTU to 20.1 NTU (27%) after two months of diversion, and further reduced to 16.1 NTU (41%) after four months of diversion. It should be noted that rainfall occurred before the second observation so that the turbidity of water might be temporally increased by the strong wind. Therefore, the actual turbidity was likely reduced by more than 12.4% because of the diversion. The water turbidity has been gradually decreased, and the transparency has been continuously and obviously improved, because of the implementation of the project. Figure 8 shows the annual average (2006-2010) TN, TP, and chlorophyll a concentrations in different regions of Xihu Lake before the implementation of the project. As shown in Figure 8a , the TN concentration in all those regions changed lightly from 2006 to 2010. In Beili Lake, the TN concentration was always lower compared to those in Yue Lake and Xili Lake. Although the TP and chlorophyll a concentrations in Beili Lake decreased during the water transfers, especially from 2006 to 2008, this decline has nearly stopped since 2009. In 2010, the average TP concentration in Beili Lake was about 0.047 mg/L, which was still about 50% and 104% higher than that in Yue Lake and Xili Lake, respectively. Moreover, associated with the poor water mobility in Beili Lake, the chlorophyll a concentration (0.33 mg/L) in Beili Lake was about three times and five times higher than that in Yue Lake and Xili Lake, respectively. Thus, the TP and chlorophyll a concentrations in Beili Lake have the potential to be reduced through rationally redistributing the water in the system. Figure 8 shows the annual average (2006-2010) TN, TP, and chlorophyll a concentrations in different regions of Xihu Lake before the implementation of the project. As shown in Figure 8a , the TN concentration in all those regions changed lightly from 2006 to 2010. In Beili Lake, the TN concentration was always lower compared to those in Yue Lake and Xili Lake. Although the TP and chlorophyll a concentrations in Beili Lake decreased during the water transfers, especially from 2006 to 2008, this decline has nearly stopped since 2009. In 2010, the average TP concentration in Beili Lake was about 0.047 mg/L, which was still about 50% and 104% higher than that in Yue Lake and Xili Lake, respectively. Moreover, associated with the poor water mobility in Beili Lake, the chlorophyll a concentration (0.33 mg/L) in Beili Lake was about three times and five times higher than that in Yue Lake and Xili Lake, respectively. Thus, the TP and chlorophyll a concentrations in Beili Lake have the potential to be reduced through rationally redistributing the water in the system. After the implementation of the project, the TP and chlorophyll a concentrations in Beili Lake dramatically decreased. With the dilution by the clean water diverted from Xili Lake, the TP concentration in Beili Lake was reduced by 32% after two months of diversion and 55% after four months of diversion. Meanwhile, the chlorophyll a concentration in Beili Lake decreased by 55% after two months of diversion and 61% after four months of diversion. In addition, as shown in Figure 9 , the monthly continuous monitoring data provided by the Hangzhou Municipal Xihu Lake Administration Office clearly shows that the concentrations of TP, and chlorophyll a in Beili Lake had a downward trend after the diversion. In the first month after the implementation of the project, the concentrations of TP and chlorophyll a rapidly decreased. On average, the TP concentration decreased about 0.00038 mg/L per day and the chlorophyll a concentration decreased about 0.00044 mg/L per day. In the second month, the rate of descent of the TP and chlorophyll a concentrations decreased to 0.00011 mg/L per day and 0.00029 mg/L per day, respectively. The rate of descent gradually decreased with time as the concentrations of TP and chlorophyll a in Beili Lake got closer to those in Xili Lake, which is the water source of the diversion. After four months of diversion, the TP and chlorophyll a concentrations tended to stabilize, reaching 0.03 mg/L and 0.013 mg/L, respectively. The water quality has greatly improved (Class V, almost Class III). After the implementation of the project, the TP and chlorophyll a concentrations in Beili Lake dramatically decreased. With the dilution by the clean water diverted from Xili Lake, the TP concentration in Beili Lake was reduced by 32% after two months of diversion and 55% after four months of diversion. Meanwhile, the chlorophyll a concentration in Beili Lake decreased by 55% after two months of diversion and 61% after four months of diversion. In addition, as shown in Figure 9 , the monthly continuous monitoring data provided by the Hangzhou Municipal Xihu Lake Administration Office clearly shows that the concentrations of TP, and chlorophyll a in Beili Lake had a downward trend after the diversion. In the first month after the implementation of the project, the concentrations of TP and chlorophyll a rapidly decreased. On average, the TP concentration decreased about 0.00038 mg/L per day and the chlorophyll a concentration decreased about 0.00044 mg/L per day. In the second month, the rate of descent of the TP and chlorophyll a concentrations decreased to 0.00011 mg/L per day and 0.00029 mg/L per day, respectively. The rate of descent gradually decreased with time as the concentrations of TP and chlorophyll a in Beili Lake got closer to those in Xili Lake, which is the water source of the diversion. After four months of diversion, the TP and chlorophyll a concentrations tended to stabilize, reaching 0.03 mg/L and 0.013 mg/L, respectively. The water quality has greatly improved (Class V, almost Class III). 
Pollutants Reduction
Conclusions
In this study, the water diversion and distribution project in Beili Lake, a part of Xihu Lake, was introduced, and the flow field and turbidity of Beili Lake before and after the implementation of the water diversion and distribution project were investigated.
The concentration of the pollutants is highly related to the diffusion and advection of flow. Thus, to remove local pollutants, dead water zones in the lakes have to be eliminated. The Beili Lake water quality improvement project demonstrates that water diversion and proper distribution from Xili Lake, which has better water quality, can effectively replace the turbid water and increase the water transparency. For this small-scale diversion, the project was composed of an inlet with a debris screen, a submersible pump, pipelines, and four water distribution outlets with specified flow direction. With the implementation of this project, the flow velocity in Beili Lake significantly increased as the average velocity over the dead water zones increased approximately 50 times over that of prior to the project. The water exchange rate was increased as the average water exchange period reduced from 68 days to 22.5 days. The diversion and distribution has reconstructed an ideal flow field, which is conducive to improving the water quality of Beili Lake. The water transparency has increased and the water turbidity has decreased visibly and continues to decline. Moreover, the TP and chlorophyll a concentrations have obviously decreased after four months of diversion. The water quality in Beili Lake has greatly improved. The results offer useful information for understanding the efficiency of water diversion and distribution in improving the water quality of shallow lakes, and thus can give guidance to practical engineering for such systems. Author Contributions: M.Z. performed most analysis and writing; A.D. helped with writing and drawing conclusions; W.Z. was instrumental on data collection; G.Y. supervised this study, led the data collection and revised the paper. All authors contributed substantially to revisions.
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